
JOINT

QUANTUM

INSTITUTE

Quantum Information

Chris

Monroe University of Maryland

Department of Physics

National Institute of

Standards and Technology

Science



Source: Intel

 



“When we get to the very, very small world – say 

circuits of seven atoms - we have a lot of new things 

that would happen that represent completely new 

opportunities for design. Atoms on a small scale 

behave like nothing on a large scale, for they 

satisfy the laws of quantum mechanics…”

“There's Plenty of Room at the Bottom”
(1959)

Richard Feynman



Quantum

Mechanics

Information

Theory

Quantum Information Science

A new science for the 21st Century?

20th Century

21st Century



Computer Science and Information Theory
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Alan Turing (1912-1954)

universal computing machines

Claude Shannon (1916-2001)

quantify information: the bit

Charles Babbage (1791-1871)

mechanical difference engine

http://en.wikipedia.org/wiki/Image:CharlesBabbage.jpg


ENIAC
(1946)



The first solid-state transistor
(Bardeen, Brattain & Shockley, 1947)



Albert Einstein (1879-1955)

Erwin Schrödinger (1887-1961)

Werner Heisenberg (1901-1976)

Quantum Mechanics: A 20th century revolution in physics

• Why doesn’t the electron collapse onto the nucleus of an atom?

• Why are there thermodynamic anomalies in materials at low temperature?

• Why is light emitted at discrete colors?

• . . . .

http://osulibrary.oregonstate.edu/specialcollections/coll/pauling/bond/pictures/portrait-schrodinger-large.html
http://lovewillbringustogether.wordpress.com/2007/10/21/uncertainty-belief-vs-science-part-one/werner-heisenberg/


The Golden Rules

of Quantum Mechanics

2. Rule #1 holds as long as you don’t look!       

[1][0]

[0] & [1]

or

1. Quantum objects are waves and can be in 
states of superposition.

“qubit”: [0] & [1]



Quantum State: [0][0] & [1][1]



Entanglement: Quantum Coins

Two coins in a

quantum 

superposition
[H][H] & [T][T]

1 1
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Quantum Superposition

From Taking the Quantum Leap, by Fred Alan Wolf
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Quantum Entanglement

“Spooky action-at-a-distance”
(A. Einstein)
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David Deutsch

“When a quantum 

measurement is made, 

the universe bifucates!”

• Many Universes

• Multiverse

• Many Worlds





Application: quantum cryptographic key distribution

+
plaintext
KEY
ciphertext

ciphertext
KEY

plaintext
+



C. Bennett, G. Brassard, et al. (IBM, 1991)

a[0] + b[1]

original (unknown)

qubit

[0][1]  [1][0]

Alice Bob

a[0] + b[1]

1. entangle bits; 

measure

3. Bob manipulates

bit according to 

prescription

Application: quantum teleportation



…BAD NEWS…
Measurement gives random result

e.g.,  [101]
f(x)

GOOD NEWS…
quantum parallel processing on 2N inputs

Example: N=3 qubits

 = a0 [000] + a1[001] + a2 [010] + a3 [011]

a4 [100] + a5[101] + a6 [110] + a7 [111]
f(x)

N = 300 qubits:  2300 ~ 1090 states

…more than # particles in universe!

Application: quantum computing



…GOOD NEWS!
quantum interference



depends 
on all
inputs

quantum
logic 
gates

…GOOD NEWS!
quantum interference

Deutsch (1985)
Shor (1994)
Grover (1996)

fast number factoring    N = pq

fast database search





Trapped Atoms

Yb+ crystal

~5 mm





unknown qubit

uploaded to 

atom #1

[] & []

qubit transferrred

to  atom #2 

known state

[] & []

Quantum teleportation of a single atom 
University of Maryland



we need 
more qubits..



Individual atoms and photons

ion traps

atoms in optical lattices

cavity-QED

Superconductors

Cooper-pair boxes (charge qubits)

rf-SQUIDS (flux qubits)

Semiconductors

quantum dots

single dopants in silicon

Other…

micromechanical oscillators

electrons on liquid He

Quantum Computer Physical Implementations

http://vortex.tn.tudelft.nl/~junctions/pics/manyqubit.html


Quantum

Mechanics

Information

Theory

Quantum Information Science

A new science for the 21st Century?

20th Century

21st Century

Physics 

Chemistry

Computer Science

Electrical Engineering

Mathematics

Information Theory



Quantum science 
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Any sufficiently advanced technology is indistinguishable from magic

– Arthur C. Clarke



QUANTUM RANDOM NUMBER GENERATOR USED 

IN GENEVA'S INTERNET VOTING OPERATION

SEPTEMBER 28, 2009

“One citizen - one vote” is the central axiom of democracy. To 

guarantee this in the cyberworld, the State of Geneva relies on a 

quantum random number generator built by ID Quantique to 

produce unique identifiers guaranteeing the voters’ anonymity 

and the vote security. This innovative solution was offered last 

weekend to 60’000 citizens who had the possibility to cast their 

vote over the Internet in the framework of the 12th official online 

ballot in Geneva.



D-Wave sells first quantum computer
Posted on Jun 1st 2011 by Emma Woollacott

Canada's D-Wave Systems has won a ringing endorsement of its controversial quantum computer - an order 

from Lockheed Martin. For years, D-Wave has claimed to have developed a functioning quantum computer, 

and for years its claims have been challenged. Back in 2007, the company showed off a machine which was 

certainly a computer - it calculated a seating plan and completed a Sudoku puzzle - but which many 

doubted was actually relying on quantum effects to work.

Rather than the simple on/off switch of standard computers, quantum computing relies on quantum bits, or 

qubits, which can be both on and off simultaneously, making for massively parallel computing.

But while many scientists have demonstrated this on a small scale in the lab, there's been much doubt 

raised over whether D-Wave had really been able to create, as claimed, a working 128-qubit computer.

Many experts suspected that its machine was instead relying on classical physics for its effects.

However, a recent paper in Nature appeared to back up its claims - and seems to have been enough to 

convince Lockheed Martin. It's signed a multi-year contract for the system, maintenance and support, and 

plans to use it for some of its most challenging computation problems, says D-Wave.

D-Wave says the machine is ideal for software verification and validation, financial risk analysis, affinity 

mapping and sentiment analysis and object recognition in images.

"D-Wave is thrilled to establish a strategic relationship with Lockheed Martin Corporation," says Vern 

Brownell, D-Wave's president and CEO.

"Our combined strength will provide capacity for innovation needed to tackle important unresolved 

computational problems of today and tomorrow. Our relationship will allow us to significantly advance the 

potential of quantum computing.“

In other words, Lockheed Martin will act as a sort of testing ground for D-Wave, perhaps making the whole 

deal more of a joint development partnership, rather than a straightforward sale. Still, it shows that Lockheed 

Martin believes that D-Wave is really onto something.

http://www.tgdaily.com/technology/30984-experts-doubt-quantum-computers-authenticity
http://www.tgdaily.com/technology/30984-experts-doubt-quantum-computers-authenticity
http://www.tgdaily.com/technology/30984-experts-doubt-quantum-computers-authenticity


N=1028

N=1



We have always had a great deal of difficulty in understanding 

the world view that quantum mechanics represents…

…Okay, I still get nervous with it…

It has not yet become obvious to me that there is no real 

problem. I cannot define the real problem, therefore I suspect 

there’s no real problem, but I’m not sure there’s no real problem.

Richard Feynman (1982)




